The structures of He and Be even-even isotopes are investigated using Hartree-Fock approach with a Skyrme-IIIls mean field potential. In these simple HF calculations, He and Be isotopes appear to be prolate in their ground states and Be isotopes have oblate isomeric states. It is also shown that there exists a level crossing when the nuclear shape changes from the prolate state to the oblate state. The results of these HF calculations show that the 10 Be is bound most strongly among these isotopes and exhibit a neutron magic number 6 instead of 8. Protons are bound stronger in the isotope with more neutrons while neutron levels are somewhat insensitive to the number of neutrons and thus the nuclear size becomes larger as the neutron number increases. In these simple calculations with Skyrme-IIIls interaction no system with neutron halo was found among He and Be isotopes. Instead of it we have found 8 He+2n, 2n+ 8 He+2n, and 16 Be+2n like chain structures with clusters of two correlated neutrons. It is also shown that 8 He and 14 Be in their ground states are below the neutron drip line in which all nucleons are bound with negative energy and that 16 Be in its ground state is beyond the neutron drip line with two neutrons in positive energy levels.
Owing to the progress of experimental techniques, information concerning the ground state and the excited states of light unstable nuclei has rapidly increased. Furthermore radioactive ion beam accelerator will produce various unstable nuclei far from β-stability line. In light stable nuclei, it has already been known that clustering is one of the essential features of nuclear dynamics not only in excited states but also in ground states. Thus we may expect cluster structures in light unstable nuclei. Pioneering theoretical studies have suggested the development of cluster structures with a 2α core in Be and B isotopes [1, 2, 3, 4, 5] . The α chain structures of 8 Be and 12 C was investigated using a relativistic mean field (RMF) approximation [6] . In the case of 12 Be, the existence of cluster states was suggested in experimental measurements of the excited states [7] and in experiments of 6 He+ 6 He and 8 He+ 4 He breakup reactions [8] . The measured spin-parities of excited states indicate a rotational band with a large moment of inertia. These states are candidates of states with cluster structure. It is an interesting subject to investigate clustering aspects in Be isotopes. The cluster structures of 12 Be were studied with a potential model with He clusters [9] and with an algebraic version of resonating group model [10] using α particles as inert clusters. To eliminate the model assumption of inert α cluster an antisymmetrized molecular dynamics (AMD) [11] is used in study of Be isotopes. However this study uses inert Gaussian wave packets to represent nucleons. These studies treat α particles as inert clusters or nucleon as a fixed Gaussian packet, and thus miss any detailed structure of nuclei and any change of the internal structure of α particles in a nucleus. For a study of the detailed nuclear structure (such as size, shape, quadrupole moment, single nucleon levels) of these unstable nuclei, we need to use a mean field approach in terms of nucleon itself. Mean field approaches have been applied successfully even for a small system such as nuclear ground states of 6 Be, 7 Be and 7 B [12, 13] and the HF energy of atomic He ground state [14] . RMF calculation with a nonlinear scalar field estimated binding energy of 4 He moderately well [6] . The ground states of nuclei with 2 ≤ Z ≤ 114 around proton drip line have been studied using Skyrme HF+BCS [15] .
An iterative method of intensity interferometry technique had been applied to dissociation of the three established two-neutron halo systems, 6 He, 11 Li and 14 Be, and the n-n correlation functions and corresponding source sizes had thus been extracted [16] . Based on the transverse momentum distributions after break-up of 11 Li into 9 Li+n+n, it was suggested that the basic structure of 11 Li is a 9 Li-core surrounded by an extended cloud of two correlated neutrons [17, 18] . It was pointed out [19] that the extra stability provided by correlations between many neutrons surrounding a nuclear core may result in stable, exotic structures along or perhaps even beyond the neutron drip line. The ground state and low-lying states of 12 Be presented us with other subjects concerning the vanishing of a neutron magic number 8 [11] . The vanishing of the neutron magic number 8 was already known in a neighboring nucleus, 11 Be. The vanishing in 12 Be was predicted in the early theoretical work [20] using shell model configuration mixing.
Contribution from
10 Be⊗(sd) 2 in the low-lying states of 12 Be were experimentally studied by 10 Be(t,p) 12 Be reaction [21] . To study stable exotic nuclear structure without using configuration mixing we will use non-spherical axially symmetric mean field theory here.
In a nuclear mean field theory, a nuclear system is composed of nucleons interacting strongly through a mean field potential. While a nonrelativistic mean field approach uses a phenomenological mean field potential as a function of nucleon density, the mean field potential in a relativistic mean field theory is determined as a resultant of the meson exchange. After Walecka proposed a relativistic mean field (RMF) approach for a nuclear system in which Dirac nucleons interact by exchanging classical meson fields [22] , it has been extended to include various quantum effects and successfully applied in describing nuclear matter and finite nuclei [23, 24, 25, 26, 27] . However the usage of the relativistic mean field approach is mostly limited to spherical or moderately deformed nuclei since the RMF failed in describing highly deformed nuclei unless using a nonlinear meson field [23, 24, 25] . On the other hand the nonrelativistic Hartree-Fock (HF) approach using empirical Skyrme interaction can describe highly deformed nuclei moderately well [28, 29] as well as describing spherical nuclei. Thus we use nonrelativistic HF approach here in describing structures of He and Be isotopes. As a first step, a simple HF method is used in this paper to investigate various properties of the lowest energy states of He and Be even-even isotopes before studying various excited states. In a nonrelativistic HF approach, nucleon-nucleon nonlocal interactions are replaced by a density dependent Skyrme mean field potential which is a function of nuclear density and charge density in the nucleus. The level of each nucleon in a nucleus is determined by Schrödinger equation in the mean field potential. By occupying nucleons in these single nucleon levels, we determine the nuclear and charge densities in the nucleus which are then used to determine the new Skyrme mean field potential. Then this new potential is used to determine new levels of nucleon. We repeat this procedure until we get the converged results. By occupying Z single proton levels and N single neutron levels starting from the lowest level, we can obtain the lowest energy state of a nucleus with Z protons and N neutrons. The numerical method and the Skyrme-IIIls interaction used here are exactly the same as that used in Ref. [29] which is applicable to a nuclear system with axial symmetry.
The results are summarized in Table I and II for He isotopes and in Table III and IV for Be isotopes. The binding energies obtained here with Skyrme-IIIls interaction are too small compared to the corresponding empirical values [6, 30, 31] . Spherical RMF calculations [30] estimated the binding energy of 10 Be, 12 Be and 14 Be moderately well but it cannot be used in study of any deformation. Thus we examine here only the qualitative behavior of isotopes depending on the neutron number. For a quantitative examination we first need to search appropriate Skyrme interaction which predicts correctly not only the binding energy but also other properties too such as the size and deformation. The binding energy and the root mean square (rms) radius of nuclear distribution show that 10 Be is bound most strongly among Be isotopes considered here while 4 He is most stable among He isotopes. Empirically, 8 Be is bound stronger 12 Be among the ground states of Be isotopes. Of course the rms radius of neutron distribution is larger for the isotope with more neutrons. The values of the quadrupole moment show that the ground states of He and Be isotopes are prolate while the excited isomer states of Be isotopes are oblate. The single neutron levels in He and Be isotopes are somewhat insensitive to the number of neutrons in the isotope. Thus occupying the neutron levels from inner shell to outer shell makes the size of neutron distribution larger for isotope with more neutrons. In contrast to this behavior of neutrons in He and Be isotopes, the single proton levels are very sensitive to the number of neutrons. The protons are bound stronger in the isotope with more neutrons up to 8 He and up to 16 Be. AMD-HF calculations [12] also show a similar behavior of the single particle energies of protons and neutrons in 8 Be and 10 Be. In the oblate state of Be isotopes, the order of the single nucleon levels (m, π z , π r ) = (1.5, +, +) and (0.5, −, +) of proton and of neutron is reversed from the order in the prolate state. In the oblate excited state of Be isotopes, the level (1.5, +, +) of proton and of neutron is lower than the level (0.5, −, +) of proton and of neutron respectively making the nuclei to be oblate. On the other hand, in the prolate ground state of He and Be isotopes, the level (0.5, −, +) is lower than the level (1.5, +, +) making the nuclei to be prolate. This exhibits the existence of a level crossing when the nuclear shape changes from the prolate state to the oblate state.
According to the rms radius of proton distribution, protons are most strongly bound in 8 He among He isotopes even though it is insensitive to the number of neutrons while the rms radius of neutron distribution increases as the number of neutrons increases. Proton distribution in He isotopes is spherical ( 4 He) or near spherical. While the neutron distribution is spherical in 4 He and near spherical in 8 He, it is deformed prolate in 6 He. The nuclear density profiles show that the large rms radius and quadrupole moment of neutron distribution for 10 He and 12 He come from the 8 He+2n and 2n+ 8 He+2n like resonance structure respectively where the centers of each cluster are about 6 fm apart. The neutrons in the correlated two neutron clusters are in the single nucleon levels with positive energy (see Table II ) which means that they are unbound to the 8 He cluster. Marqués et al. [16] used two-neutron interferometry as a probe of the neutron halo. However correlated neutrons can also be originated from a dineutron cluster or from a neutron skin which has mostly neutrons and is not necessarily a neutron halo having higher density than inside of it. The single proton levels are very sensitive to the number of neutrons up to 8 He while the single neutron levels are somewhat insensitive. The single nucleon levels in 10 He and 12 He stay similar to the levels in 8 He. Be isotopes are prolate in their ground state and they have oblate isomeric state in which the nucleons filled self consistently from the lowest single nucleon levels. According to the binding energy per nucleon and the rms nuclear radius 10 Be is most strongly bound among the Be isotopes. This suggests the shell closure at a neutron magic number 6 instead of 8. The vanishing of the neutron magic number 8 was predicted in Refs. [11, 20, 21] by studying the ground state and low-lying states of 12 Be. There is a larger gap between the third and the fourth single neutron levels than the gap between the fourth and the fifth levels in He and Be isotopes (see Tables II and IV) . The proton rms radius of 8 He which is the smallest among He isotopes and the nuclear quadrupole moment of 8 He which is smaller than of 6 He may also indicate the neutron magic number 6. The ground state of 12 Be has the smallest proton rms radius and the most spherical nuclear distribution among Be isotopes in its ground state. The density distribution shows that 12 Be has a small peanut shaped core of higher central density surrounded by a large spherical neutron skin of lower density without showing any halo which has higher density than inside of it. However the proton levels (m, π z , π r ) = (0.5, −, +) and (1.5, +, +) in the ground state of 12 Be are nearly degenerated and thus the proton shell is unclosed in this calculation with Skyrme-IIIls interaction. The ground state of 8 Be has a large quadrupole moment with a peanut shaped nuclear distribution. The nuclear shape of 10 Be and 14 Be are deformed prolate but 10 Be has a small peanut shaped core. 16 Be has a peanut shaped nuclear distribution and 18 Be has a 16 Be+2n like cluster structure with two correlated neutrons in positive neutron levels. The neutron rms radius of Be isotopes increases as the number of neutrons increases. The large neutron rms radius and quadrupole moment of 18 Be come from the 16 Be+2n like chain structure. The single nucleon levels in 18 Be stay similar to the levels in 16 Be. Two neutrons occupying the highest single particle level in 16 Be have positive energy but without showing any halo structure. Thus, 16 Be is beyond the neutron drip line while 14 Be is inside of the drip line in these calculations. Jensen and Riisager [19] pointed out the possible existence of exotic nuclei even beyond the neutron drip line due to a correlation between many neutrons. In 18 Be four neutrons occupy single neutron levels with positive energy in the nucleus. Be isotopes in their excited oblate states have smaller rms radius and smaller magnitude of quadrupole moment than in their prolate ground states. The lowest nucleon level in each isotope is more strongly bound in the oblate excited state than in the prolate ground state while the next nucleon level is higher in the oblate excited isomer than in the prolate ground state. The third nucleon level of each isotope is also more strongly bound in the oblate excited state than in the prolate ground state. Thus the energy gap between the second level (m, π z , π r ) = (0.5, −, +) and the third level (1.5, +, +) of proton and neutron in Be isotopes is smaller in their oblate isomer state (less than about 1 MeV) than in their ground state (more than 2.5 MeV) except for the proton levels in 12 Be. In 12 Be with Skyrme-IIIls interaction, these two proton levels are nearly degenerated with the gap of 0.02 MeV in the prolate ground state while the gap is 0.88 MeV in the oblate isomeric state. The order of single nucleon levels (0.5, −, +) and (1.5, +, +) in the excited oblate state of Be isotopes are reversed from the order in the prolate ground state except for proton levels in 12 Be. In the excited oblate state of 12 Be, the unoccupied (0.5, −, +) proton level is lower than the occupied (1.5, +, +) proton level. The protons in the excited oblate state of 12 Be is not filled self consistently from the lowest single proton levels but is filled in a fixed configuration in this calculation with Skyrme-IIIls interaction. All other states of He and Be isotopes in these calculations are formed by filling protons and neutrons self consistently from the lowest single nucleon levels. The Be isotopes become prolate by filling the (0.5, −, +) proton level and become oblate by filling the (1.5, +, +) proton level.
12 Be is the most spherical among Be isotopes both in their ground states and in their isomeric states.
In this paper we have investigated the mean field structure of He and Be isotopes in a nonrelativistic HartreeFock approximation with Skyrme-IIIls interaction. The ground and isomeric states of these isotopes are obtained by occupying protons and neutrons self consistently from the lowest single nucleon levels. It is shown that the ground states of He and Be isotopes are prolate while the excited isomeric states of Be isotopes are oblate. There is a level crossing between the second and the third nucleon levels when the isotopes change from the prolate ground state to the oblate isomeric state. Also shown in these simple calculations is that the protons are bound stronger in the isotope with more neutrons while neutron levels are somewhat insensitive to the number of neutrons and thus the nuclear size becomes larger as the neutron number increases. The binding energy of Be isotopes and the single neutron levels obtained here indicate the existence of the neutron magic number 6 instead of 8. The vanishing of the neutron magic number 8 was predicted in Refs. [11, 20, 21] . In these calculations for He and Be isotopes with Skyrme-IIIls interaction, any halo system was not found. Instead of it we found 8 He+2n, 2n+ 8 He+2n, and 16 Be+2n like chain structures with clusters of two correlated neutrons for 10 He, 12 He, and 18 Be respectively. It is also shown that 8 He and 14 Be are below the neutron drip line in which all nucleons are bound with negative energy. We have also found that 16 Be in its ground state, as a single cluster without 2n correlated cluster, is beyond the neutron drip line with two neutrons in positive energy levels.
We should notice here that the calculations done here cannot examine a nuclear structure with multi-centered clusters such as 6 He+ 6 He or 8 He+ 4 He. The 2α cluster structure in 12 Be was found in Refs. [9, 10, 11] even though they missed the detailed nuclear structure. It was also shown, using relativistic mean field theory, that an excited state of 12 C is a chain structure of 8 Be and α clusters centered at two points while the ground state is oblate with a single center [6] . To study various states of these nuclei properly in a mean field approach, we need to extend our HF calculation to allow nuclear structures with multi-centered clusters [6] . On the other hand to study halo structure we need to extend our calculation to allow highly excited single nucleon levels and to consider other nuclei such as C and O isotopes too. Notice here also that the Skyrme-IIIls interaction used here underestimated the binding energies of He and Be isotopes. But we believe that the main features of isotopes obtained here would not be altered when we use other mean field potential. However we also need to investigate in future the dependence of the various behaviors of isotopes on the mean field potential used. 
